Random mating aecial populations were derived from the eastern and prairie uredinial populations of Puccini recondita f. sp. tritici in Canada to assess the degree of virulence heterozygosity and gametic phase disequilibria between virulence loci in the two populations. In the aecial generation, both populations were genetically polymorphic at virulence loci that had low levels of phenotypic polymorphism in the uredinial generation. Different levels of genetic polymorphism for virulence allowed further discrimination between the two populations. High levels of virulence heterozygosity were detected in both populations to resistance genes originally derived from Triticum aestivum. Genetic linkage, and gametic phase disequilibria between genetically independent virulence loci were detected in both populations: However, disequilibrium were stronger and more prevalent in the highly selected prairie population.
Introduction
Virulence surveys of cereal rust fungi have traditionally been used to detect new races before they increase to economically important levels, and to describe the distribution and frequency of different races over the entire rust population (Roelfs, 1985) . Identification of physiological races has been an integral part of cereal rust resistance breeding, and studies on the epidemiology and evolution of virulence in cereal rust populations.
Host-parasite interactions in cereal rust diseases are governed by a complementary genetic relationship that has been referred to as a gene-for-gene relationship (Person, 1959; Flor, 1971) . Although there are differing interpretations of this phenomenon (Person, 1959; Person & Mayo, 1974; Keen, 1982; Ellingboe, 1984) , the essential element of a gene-for-gene system is that specific genes in the host and parasite interact to condition a compatible or incompatible relationship. A consequence of genetic specificity is that a host resistance gene is effective only when the corresponding virulence is not prevalent in the rust population. Use of host resistance imposes directional selection for the corresponding virulence, eventually rendering the resistance ineffective.
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Isogenic host lines that differ by only one effective resistance gene to the pathogen population have been used in host-parasite genetic studies to evaluate rust isolates for virulence (Samborski & Dyck, 1976) . In an ideal gene-for-gene system, the rust isolate must have the necessary virulence allele(s) at a specific locus in order to be virulent on a host line with one specific resistance gene. Although two-for-one relationships have been described (Dyck & Samborski, 1974) , the total pattern of compatible and incompatible interactions in these cases is the same as in a one-to-one relationship (Person, 1959) .
Single gene differential host lines are limited to measuring virulence phenotypes as rust fungi are dikaryotic. Distinct isolates of rust, each derived from a single uredinium, may have identical combinations of avirulence and virulence on a series of host differential lines. Genetically, however, they may be very different, depending on whether virulence is recessive or dominant and the number of virulence loci that are heterozygous.
Although heterozygous rust isolates may produce intermediate infection types (Samborski, 1963 ), it has not been possible to determine the frequencies of virulence genes from virulence surveys. Other variables, such as temperature and light intensity influence infec-tions, which can make a distinction between different resistant infection types difficult.
Two distinct populations of Puccinia recondita Rob. ex Desm. f. sp. tritici, the causal organism of the wheat leaf rust disease, have been characterized in the eastern and prairie regions of Canada (Kolmer, 1 989b) . The current populations probably evolved from a common, introduced population through selection by differential host resistance in the two regions (Kolmer, 1991) .
Wheat cultivars with specific leaf-rust resistance genes have been grown in the prairie region of Manitoba and Saskatchewan, since 1937 (Samborski, 1985) , while susceptible wheats have generally been grown in southern Ontario and Quebec. The sexual stage of the fungus has not been important in the epidemiology of the disease in either population, as the fungus overwinters in the southern United States, and reproduces as asexual urediniospores throughout North America.
The two leaf rust populations are currently characterized by different predominant virulence phenotypes that are responsible for the different levels of specific virulence to various resistance genes, and characteristic associations of virulence genes (Kolmer, 1 989c). This study was undertaken to assess the extent of heterozygosity and genetic polymorphism for virulence in the eastern and prairie populations of P. recondita in Canada. Random mating populations were derived from composite collections of the eastern and prairie populations. Frequencies of virulence to 16 specific resistance genes were assessed and compared in the uredinial (asexual) and aecial (sexual) generations for each population. Estimates of virulence allele frequencies were derived from aecial generations. The relative strength of characteristic virulence associations in the populations were measured by comparing the degree of gametic phase disequilibria between virulence loci in the uredinial and aecial generations.
Materials and methods
Uredinia/ and aecial Puccinia recondita generations Uredinial populations of P. recondita sampled from uniform nurseries and commercial wheat fields in eastern Canada (southern Ontario and Quebec) in 1987 (Kolmer, 1988) , and the prairie region (Manitoba and Saskatchewan) in 1988 (Kolmer, 1989a) were examined. Forty-seven single pustule isolates from the eastern population, and 251 isolates from the prairie population were evaluated for virulence phenotype on the 12 Thatcher isogenic lines in the Prt differential set (Long & Kolmer, 1989) and on the Lrl4a, Lr19, Lr21, and Lr25 isogenic lines. Inoculation and evaluation of the differential sets were as previously described (Kolmer, 1988 ). An isolate was rated virulent to a differential line if it produced an infection type of 3-4, or avirulent if it produced infection types from 0 to 2.
Each isolate was assigned a virulence phenotype designation using a three-letter code from the Prt nomenclature. The percentage of isolates virulent to each differential line was determined.
A composite inoculum of each population was prepared by bulking 5 mg of urediniospores from each isolate. The composite populations were separately inoculated onto adult wheat plants. Green flag leaves bearing teliospores were harvested and then soaked for 2 weeks in running tap water, dried and wet repeatedly for 2 days, and then separately placed over young leaves of Thalictrum speciosissimum Loefi., a susceptible alternate host of P. recondita. Pots containing the alternate host were placed nightly under teliospores in humidity chambers until abundant pycmal infections became evident on the young leaves. Pycma were randomly mated within each population by transferring pycniospores among pycnia with a fine point camel hair brush, or an alcohol-rinsed finger.
Aecial cups from single pycnia were cut from the leaves and placed over microscope slides in Petri dishes lined with moistened filter paper. After most of the aeciospores had been discharged on to the slides (4-6 h), they were wiped onto leaves of 7-day-old seedlings of the susceptible cultivar Little Club. The inoculated seedlings were placed in a dew chamber for 16 h, and then in small plastic isolation chambers on a greenhouse bench. After 14 days, urediniospores from single pustules were isolated and increased. Three to five single pustule isolates were derived from each fertilized pycnium. Two hundred and fifty-seven aecial isolates were derived from the eastern population, and 221 from the prairie population. The aecial isolates were evaluated for virulence phenotype using the same methods and differential set as for the uredinial populations.
Analysis of virulence in uredinial and aecial generations
The proportions of isolates virulent on each differential line were compared between populations and between the uredinial and aecial generations within populations. Statistical significance of frequency differences was tested with the G-test (Sokal & Rohlf, 1981) . Estimates of allele frequencies in the aecial populations at each virulence locus were calculated assuming that virulence was recessive (Samborski & Dyck, 1968 , 1976 Statler, 1977) , except for virulence to Lr3, which had been shown to be dominant in certain isolates (Samborski & Dyck, 1968) . The aecial populations were assumed to be in Hardy-Weinberg equilibrium. Associations between virulence loci in the uredinial and aecial generations were measured using the G-test of independence at the 0.05 level of confidence (Sokal & Rohlf, 1981 ). Fisher's Exact Test (Steel & Torrie, 1980 ) was used to measure associations when the expected number in any cell was less than 5.
Results

Virulence heterozygosfty
Frequencies of virulence to many resistance genes changed significantly from the uredinial to the aecial generations in both the eastern and prairie P. recondita populations ( Table 1 ).
In per cent. These isolates have a dominant allele conditioning avirulence to both genes and a dominant allele at a second independent locus that acts as an inhibitor of avirulence to Lr2c (Dyck & Samborski, 1974) . The decrease in isolates avirulent to Lr2a and virulent to Lr2c in the aecial generation is due to a lower proportion of isolates in the aecial generation with dominant alleles at both loci. This is reflected in the decrease in virulence frequency to Lr2c in the aecial generation. Virulence frequency to Lrl4a also decreased significantly. Virulence to Lrl was at a high frequency in both generations and did not change significantly. All isolates in the uredinial population were virulent to Lr3, although avirulent isolates were recovered in the aecial generation, indicating that heterozygous isolates are present in the uredinial In the prairie population the frequency of virulence to Lr2a, Lr2c, Lr3ka, Lrll, Lr17, and Lr30, increased significantly in the aecial generation (Table 1) . Heterozygosity at these virulence loci must be common in avirulent uredinial isolates. Isolates in the uredinial generation were all either avirulent or virulent to both Lr2a and Lr2c, while in the aecial generation isolates avirulent to Lr2a and virulent to Lr2c were recovered. This indicates that dominant inhibitors of avirulence to Lr2c must be present in uredinial generation isolates that are virulent to both genes. Virulence frequencies to Lr24 and Lr26 declined significantly in the aecial generation, indicating that heterozygous avirulent uredinial isolates were not common. All isolates in the uredirual generation were virulent to Lr3 and Lrl4a.
Isolates avirulent to both genes were found in the aecial generation, indicating that heterozygous virulent isolates were present in the uredinial generation, and that virulence to both genes may be dominant. The virulence frequency to Lrl declined significantly in the aecial generation, indicating that most of the avirulent uredinial isolates may have been homozygous at this locus. Virulence frequencies to Lr9, and Lr16 were extremely low in both uredinial and aecial generations. Virulences to Lr19. Lr21, and Lr25, were not found in either generation.
The eastern and prairie populations differed significantly in frequency between the two uredinial generations for 6 of the 16 specific virulences (Table 1 ). In the aecial generations the populations differed in frequency for eight virulences.
Estimates of virulence allele frequencies in the eastern and prairie populations were derived from the frequencies of virulent isolates in the uredinial and aecial generations ( Table 2 ). The minimum estimates were derived by assuming that all avirulent isolates in the unredinial generations were homozygous. Virulence alleles were assumed to be present only in the virulent isolates. The estimates in the aecial generation were derived from the square root of the frequency for those virulences that could be inferred to be recessive.
Virulences to Lr3 and Lrl4a in both populations appeared to be dominant. Virulence allele frequencies for these genes were estimated from one minus the square root of the frequency of virulent isolates. All estimates from the aecial generations were determined under the assumption of Hardy-Weinberg equilibrium. The maximum estimates were derived by assuming that all avirulent isolates in the uredinial generations were heterozygous for virulence. In this estimate, virulence from the aecial population generally fell between the minimum and maximum estimates (Table 2 ). Most aecial estimates were closer to the maximum estimate, indicating that heterozygosity at these loci was prevalent in the avirulent uredinial isolates. Aecial estimates for Lr3, and Lrl4a in the prairie population were closer to the minimum estimate, which assumed for these loci that all virulent isolates were heterozygous. Aecial estimates for Lr3ka, Lr30, in the eastern population, and Lr2a in the prairie population exceeded the maximum estimate, indicating that heterozygosity at these loci must be prevalent in the avirulent uredimal isolates.
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Lrl in both uredinial populations may make the aecial estimate more sensitive to deviations from random mating. The very low aecial estimate for Lrl4a in the eastern population cannot easily be explained unless inheritance of virulence to this gene is conditioned by more than one locus. However, virulence to Lrl4a in the prairie region appeared to be dominant, with nearly all of the virulent uredinial isolates heterozygous.
Aecial estimates for Lr24 and Lr26 in both populations were closer to the minimum estimate, indicating that heterozygosity at these loci was not prevalent in the avirulent isolates.
Garnet/c phase disequilibria
Most of the virulence pairs in the two uredinial populations could not be measured for association due to low levels of virulence polymorphism to many resistance genes in both populations. All nine virulence pairs that could be measured in the eastern uredinial population were in disequilibrium (Table 3) . After one generation of random mating, six of these pairs were in equilibrium. A total of 19 pairs were in disequilibrium in the eastern aecial generation. All 14 virulence pairs that could be measured in the prairie uredinial population were in disequilibrium. Nine of these pairs were still in disequilibrium in the aecial generation. However, the G-values for these pairs were smaller, indicating that the strength of the disequilibrium was less in the aecial generation. A total of 28 pairs of virulence loci were in disequilibrium in the prairie aecial population.
Genetic linkages between virulences to Lr3ka, Lr30;
Lr24, Lrl 7; and Lr3ka, Lrl4a were detected in both populations from high and consistent G-values in both aecial populations. These loci had previously been hypothesized to be linked (Samborski & Dyck, 1976; Statler, 1977) . Virulences to Lr3 and Lrl4a appeared to be linked in the eastern aecial population, however, the genes assorted independently in the prairie aecial population (Table 3 ). Virulences to Lr3 and Lrl4a had been hypothesized previously to be linked (Samborski & Dyck, 1976) . Virulences to Lr3 and Lr3ka appeared to be linked in both aecial populations (Table 3) , although in a previous study (Samborski & Dyck, 1976) these loci segregated independently. The Gvalues for virulence to Lr2a and Lr2c in both aecial populations were extremely high because virulence to both genes is conditioned by the same allele at one locus (Dyck & Samborksi, 1974) .
Discussion
Additional genetic polymorphism for virulence was found within and between the eastern and prairie populations of P. recondita after one generation of random mating. Each population was genetically polymorphic in the aecial generation at loci that had low levels of phenotypic polymorphism in the uredinial generation. Genetic polymorphism also allowed further discrimination between the two populations. Virulence frequencies to Lrl, Lr3, and Lr30, were not significantly different in the two uredinial generations, yet differed significantly in the aecial generations.
Although virulence to L r24 was significantly different in the two uredinial generations, it was at nearly equal levels in the aecial generations. This might be due to the eastern uredinial population having a higher proportion of avirulent heterozygous isolates than the prairie population.
The abundant heterozygosity in the eastern and prairie uredinial populations resulted in intermediate allele frequencies from the aecial estimates at a majority of virulence loci listed in Table 2 . However, very low or no virulence heterozygosity was found to a number of other resistance genes. Low levels of heterozygosity were found to Lr24 and Lr26 in the prairie population, even though virulence to these genes has been directly selected by resistant hosts in the southern plains of the United States. Furthermore, isolates virulent to Lr9, Lr16, Lr19, Lr21, and Lr25 were found at very low frequencies or not at all in the uredimal and aecial generations in both populations. Both populations are essentially fixed for avirulence alleles at the corresponding loci. With the exception of L riO, all resistance genes to which little or no virulence heterozygosity was detected in the two P. recondita populations, were derived from Agropyron, Aegilops, or Secale spp. (McIntosh, 1988) . Resistance genes to which virulence heterozygosity was abundant, were originally isolated from the common hexaploid wheat Triticum aestivum L. Isolates of P. recondita f. sp. tritici heterozygous at loci conditioning virulence to resistance genes that evolved in Triticum, may have some selective advantage on susceptible common wheat hosts. P. recondita on common wheat would not have co-evolved with resistance genes derived from alien germplasm. Virulence heterozygosity to these genes may not confer a selective advantage in P. recondita f. sp. tritici, as the lack of heterozygosity to these genes suggests.
Underlying the estimation of virulence allele frequencies in the aecial generation is the assumption that selection did not occur during the sexual cycle. Selection undoubtedly did occur at some stage: isolates may have produced different amounts of teliospores, teliospores from different isolates may not have germinated equally, a wide range of pycmal sizes was commonly observed which could lead to over representation of certain gametes in the mating populations, and aecial *Many virulence pairs in the uredinial generations could not be measured for association since these populations were fixed for either virulence or avirulence to many resistance genes. Associations for these pairs have been left blank. tNon-significant association (P> 0.05). tSignificant negative association (P< 0.05). §Significant positive association (P <0.05).
isolates that were avirulent to the susceptible host Little Club were obtained. Any of these unmeasurable deviations from random mating could alter the percentage of virulent isolates at any locus in the aecial generations. The estimates of allele frequencies derived from the aecial generations appeared to be reasonable for most of the virulence loci, as this estimate usually fell between the minimum and maximum estimates. Any deviations from Hardy-Weinberg equilibrium in the aecial generations were not drastic enough to place most of the aecial estimates outside the minimum or maximum estimates. Deviations from equilibrium obviously occurred in the eastern population at loci conditioning virulence to Lr3ka and Lr30; and at Lr2a in the prairie population. However, heterozygosity must be common in isolates avirulent to these genes as the aecial estimates exceeded the maximum estimates. The aecial estimates for alleles conditioning virulence to Lri, Lr24, and Lr26 in the prairie region were below the minimum estimate. This may be due to a low level of heterozygosity in the avirulent uredinial isolates combined with deviations from random mating.
Frequency of virulence to Lri4a in the eastern population was lower in the aecial generation (Table 1) . This large decrease in frequency cannot easily be explained by any particular dominance relationship with any degree of virulence heterozygosity. Dyck & Samborski (1970) determined that virulence to Lrl4a was conditioned by a single recessive gene. Some type of selection at this locus may account for the drop in virulence frequency in the eastern aecial generation. In the prairie population, virulence to Lrl4a appeared to be dominant, as avirulent aecial isolates were recovered even though all the uredinial isolates were virulent.
It similarly appeared that virulence to Lr3 was dominant because isolates avirulent to this gene were found in both aecial populations. By contrast Samborski & Dyck (1968) determined that virulence to Lr3 was recessive in an F2 population. Haggag et al. (1973) hypothesized that virulence to Lr3 may be conditioned by two independent recessive genes, or by a single recessive gene with a dominant inhibitor of avirulence at a second locus. In this study it is unlikely that virulence to Lr3 is dominant in all individual isolates in both populations as this has only been demonstrated in one isolate. It is possible that the dominance relationship at the locus conditioning virulence to Lr3 has been altered by modifying alleles at other loci which were distributed throughout the populations during sexual recombination. Isolates within each population may differ in dominance relationship at this locus due to these modifying alleles, such that dominance of virulence is not an intrinsic quality of the gene, but of the entire genotype. Modifying alleles may also account for dominance of virulence to Lri4a in the prairie aecial generation.
Isolates avirulent to Lr2a and virulent to Lr2c are characteristic of the current eastern uredinial population but are not found in the prairie uredinial population (Kolmer, 1989a) . However, such isolates were found in the prairie aecial generation indicating that both uredinial populations have dominant alleles at the inhibitor locus (Dyck & Samborski, 1974 ) even though they are very distinct phenotypically for these two virulences.
Gametic phase disequilibria between virulence loci in both uredinial generations declined, or were nonsignificant in the aecial generations. Some association between virulence loci in the aecial generations would be expected to remain because gametic phase disequilibria decay asymptotically over generations of random mating (Falconer, 1981) . The overall level of initial disequilibria must have been higher in the prairie population as more pairs of virulence loci were in disequilibria in this aecial generation compared to the eastern population. The initial disequilibria in the prairie population are due to virulence associations generated by host selection. This population has been selected on resistant cultivars since 1937 (Kolmer, 1989b (Kolmer, , 1991 , resulting in very strong virulence associations. Resistance genes Lri, Lr2a, Lr3, Liii, Lr24 and Lr26 are currently in the host population in this region (Kolmer, 1991) . Selection for the corresponding virulences in the P. recondita population has created associations between these virulences that were strong enough to remain in disequilibria after a generation of random mating. The eastern population has not been as highly selected because susceptible cultivars are generally grown in this region. This may account for the fewer pairs of virulence loci in disequilibria in the eastern uredinial and aecial generations.
High levels of virulence heterozygosity have been previously described for individual isolates of P.
recondita (Samborski & Dyck, 1986 , 1976 Statler, 1977; Statler & Jones, 1981) . It is difficult, however to reach any general conclusion regarding the prevalence of heterozygosity from these studies because relatively few isolates, which were not necessarily representativç of the P. recondita population, were examined. In the present study it was apparent that both populations of P. recondita were highly heterozygous for virulence to resistance genes derived from common wheat. Virulence heterozygosity has also been described in other rust fungi. Various levels of virulence heterozygosity to differential wheat cultivars were found in 42 specific isolates of the wheat stem rust fungus P. graminis (Johnson, 1954) . Kolmer et a!. (1984) described viru-lence heterozygosity in five isolates of the bean rust fungus Uromyces appendiculatus. McCain et a!. (1990) determined that U appendiculatus populations were genetically polymorphic at virulence loci that were phenotypically fixed for avirulence or virulence. A more thorough discussion of virulence heterozygosity is found in Groth & Roelfs (1988) .
The high levels of virulence heterozygosity found in this study provide circumstantial evidence that selection favouring heterozygotes occurs in populations of P. recondita. Genes at virulence loci may also code for a number of other physiological functions that are optimally expressed by heterozygotes. As a result, heterozygous isolates may be more fit than homozygous isolates on susceptible hosts. This would lead to fixation of the heterozygotes, barring any naturally occurring sexual recombination. The population would be genetically polymorphic at virulence loci, although phenotypically dominated by only a few highly heterozygous races.
If selection does favour heterozygotes, then genetic variation would be present when directional selection, resulting from the introduction of a resistance gene in the host population, is imposed on the population. The desirable genotypes will be selected and increase much faster in the population if the gene is already present at an intermediate frequency. Assuming that virulence is usually recessive, only one mutation would be needed to occur at the locus involved in the host-parasite interaction for a heterozygous isolate to gain virulence to the introduced resistance gene.
Isolates heterozygous for virulence to resistance genes derived from alien germplasm may decline in frequency following the removal of the resistance gene. Virulence to Lr9, derived from Aegilops umbellulata, varied from 10 to 30 per cent in the eastern uredinial population from 1975 to 1985 due to selection by hosts with this gene (Kolmer, 1989b) . However, virulence to Lr9 was not found in the eastern aecial generation, indicating that virulence heterozygosity was not present for this gene in 1987, even though virulence had been previously common. If heterozygous isolates were maintained in the population following removal of the host resistance gene, it would be reasonable to expect virulent isolates in the aecial generation. However, this does not imply that resistance genes isolated from different species will be more durable than genes from Triticum. Genes Lr24 and Lr26 are derived from Secale cereale, and Agropyron elongatum, respectively. Virulence to these genes was not present in the prairie population prior to the release in the mid 1 980s of winter wheats with these two genes (Kolmer, 1991) . The number of isolates with virulence to both genes quickly increased to nearly 30 per cent by 1989 in the prairie region (Kolmer, 1991) , thus rendering the resistance ineffectual. The increase of virulent isolates may be even faster if isolates heterozygous for virulence are present in the population before the directional selection occurs. Isolates with virulence to Lrll, a gene isolated from hexaploid wheat to which virulence heterozygosity was common, increased from less than 1 per cent in 1986, to 44 per cent in 1989 in the prairie population due to directional host selection (Kolmer, 1991) .
The concept of stabilizing selection as selection against unnecessary virulences is derived from Vanderplank's (1 968) (Falconer, 1981) . No consistent evidence for selection against isolates with unnecessary virulences has been found in uredinial populations of P. recondita in North America (Kolmer, 1989b (Kolmer, , 1991 . However, the populations have maintained genetic polymorphism at virulence loci even though the corresponding resistance genes are not necessarily present in the host population. This provides indirect evidence that stabilizing selection favouring intermediate virulence allele frequencies, does occur in North American populations of P. recondita.
